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Droplet microfluidics, which involves micrometer-sized emulsion droplets on a
microfabricated platform, has been demonstrated as a unique system for many bio-
logical and chemical applications. Robust and scalable generation of monodisperse
droplets at high throughput is of fundamental importance for droplet microfluidics.
Classic designs for droplet generation employ shear fluid dynamics to induce the
breakup of droplets in a two-phase flow and the droplet size is sensitive to flow rate
fluctuations, often resulting in polydispersity. In this paper, we show spontaneous
emulsification by a high aspect ratio (>3.5) rectangular nozzle structure. Due to the
confinement and abrupt change of the structure, a Laplace pressure difference is
generated between the dispersed and continuous phases, and causes the thread thin-
ning and droplet pinch-off without the need to precisely control external flow con-
ditions. A high-throughput droplet generator was developed by parallelization of a
massive number of the basic structures. This device enabled facile and rapid parti-
tion of aqueous samples into millions of uniform picolitre droplets in oil. Using
this device, on-chip droplet-based digital polymerase chain reaction (PCR) was
performed for absolute quantification of rare genes with a wide dynamic range.
Published by AIP Publishing. https://doi.org/10.1063/1.5011240

I. INTRODUCTION

Droplets or emulsions in microfluidic systems can work as “miniaturized mobile reactors”
for chemical and biological assays,'™ owing to their unique features such as high-throughput,
rapid response, being contamination-free, requiring minimal reagent volume, and isolation of
individual space. For instance, the commercialized droplet-based digital polymerase chain reac-
tion (PCR) technology,*” in which a diluted sample is partitioned into a sufficient number of
reaction aliquots that allow single-molecule amplification and absolute quantification of the tar-
get gene, has attracted tremendous interest in various applications, from prenatal screening of
fetal genomic abnormalities and inherited disorders to rare sequence detection of cancer and
infectious diseases.® '3 In the food, pharmaceutical, cosmetic and oil industries, monodisperse
emulsions with well-defined compositions are highly desired and widely used as templates for
microparticle or microcapsule fabrication.'*"?

In microfluidic systems, the dynamics of droplet formation is dominated by the balance of
tangential shear stresses and interfacial tension.’”! In shear-based systems that usually include
T-junction, flow-focusing, or co-flow designs, the hydrodynamic force is employed for breaking
the stream into droplets by the coupling of the two-phase flow rates, fluid properties, and nozzle
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geometry. Tight control over the flow conditions of the dispersed and continuous phases is
demanded for generating monodisperse droplets.”> Variation in one of the parameters would
result in different trains of droplets, which makes large-scale parallelization of basic units for
scalable production difficult.”® Recently, Teo er al.>* demonstrated negative pressure controlled
droplet generation in a flow-focusing device. Although large-scale integration can be made fea-
sible by one negative pressure source through careful design of fluidic flow networks, the pres-
sure sensitive issue still cannot be circumvented. Instead, in interfacial tension driven systems,
e.g., step emulsification,” the abrupt height change induces a Laplace pressure difference for
spontaneous droplet generation, which is insensitive to the flow rate or pressure. The droplet
self-breakup process is predominantly driven by the interface between the two phases, thus
eliminating the shear stress interference. To date, various self-emulsification structures have
been developed including the grooved-type microchannel,?® straight-through microchannel,?’
edge-based droplet generation (EDGE),’® and gradient of confinement.’! Droplet production
scale-up is possible by massive parallelization of these basic structures. For instance, Kobayashi
et al.*’>*% Dangla er al.’' and Amstad er al.>>* parallelized the step emulsion arrays for
droplet massive production. Nevertheless, the development of interfacial tension induced droplet
generators has been hindered for widespread adoption due to less robustness in device operation
or the cumbersome process for device fabrication.

In this paper, we present a simple yet efficient structure for droplet spontaneous generation.
It is found that in a rectangular microchannel, usually with an aspect ratio larger than 3.5, the
dispersed phase fluid thread is able to self-breakup into monodisperse droplets when entering
the chamber filled with fluid of continuous phase as shown in Fig. 1. The interface of the two
phases is initially confined in an energy unfavorable shape by the narrow channel till it arrives
at the nozzle with an opening junction where the strong confinement is released in the horizon-
tal direction. Due to this abrupt change, the equilibrium status of the Laplace pressure cannot
be maintained, which triggers the interface thread necking and droplet formation. Such an
intrinsic droplet breakup mechanism decouples the shear stress interference and thus is indepen-
dent of fluid properties and flow rates. The resulting droplet size is solely determined by the
width of the nozzle and not sensitive to flow fluctuations. Comparing with the above mentioned
interfacial tension driven self-emulsification structures,> " this high aspect ratio induced drop-
let self-breakup (HIDS) structure has a very simple geometry and is easy to fabricate. It is pos-
sible to parallelize the HIDS structures in a more compact configuration for high throughput
droplet production. Hence, we developed a fishbone droplet generator by parallelizing 2000
HIDS units to produce monodisperse picolitre droplets with coefficients of variation below 3%
at a generation rate of 15kHz. By using the HIDS based droplet generation device, we demon-
strated an on-chip droplet-based digital PCR system which involved the sample partition, in
situ thermal amplification, and end-point fluorescence readout in one chip, exhibiting the capa-
bility for highly sensitive and efficient detection of targeted DNA fragments in extremely low
abundance.

@
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FIG. 1. (a) Schematic showing the high aspect ratio induced self-breakup (HIDS) structure for droplet generation; (b) time-
lapse images showing the droplet generation in HIDS.
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Il. MATERIALS AND METHODS
A. Device fabrication

The microfluidic device was made of polydimethylsiloxane (PDMS) (Sylgard 184 silicone
elastomer, Dow Corning) using a micromolding process.*>*® The microchannels were patterned
on a silicon wafer by photolithographic patterning (SUSS Microtec MAG6) and etched by deep
reactive ion etching (STS ICP DRIE Silicon Etcher) to serve as a mold for PDMS replica mold-
ing. The silicon mold was then put in a vacuum chamber with a few drops of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich) to prevent the PDMS from stick-
ing to the mold. A PDMS mixture (in a 10:1 ratio of monomer and curing agent) was cast on
top of the silicon mold, degassed in vacuum and cured in a 70 °C oven for 2 h. Afterwards, the
cured PDMS was released from the silicon mold and cut into individual chips. The access holes
for the liquid inlet and outlet were punched using a pan needle. The PDMS replica and a glass
slide (SAIL BRAND, China) were treated with O, plasma and bonded together. For generating
water-in-oil droplets, the devices were baked on a hot plate at 100 °C for 8 h to recover the sur-
face hydrophobicity. For oil-in-water emulsification, the device was simply filled with water
after plasma bonding to maintain the hydrophilic surface.’”-*®

B. Preparation of PCR reagents

The DNA templates used here were the genomic DNA (gDNA) purified from lung cancer
cell lines H1579 using a QIAprep Blood and Cell Culture DNA Medi Kit (Qiagen) according
to the manufacturer’s protocol. The DNA concentration was calibrated using Quant-iT
PicoGreen dsDNA Kits (Invitrogen). The calibrated solution was then diluted into a series of
sample solutions with a copy number of 10" to 10° copies/ul. All DNA samples were stored at
—20°C prior to use. The primers and probes were designed with the Primer premier 5 software
according to the EGFR gDNA sequence. A pair of primers (Forward primer: 5'-
TTCCCATGATGATCTGTCCCTC-3'. Reverse primer: 5-CACCTCCTTACTTTGCCT-3') was
used to amplify a 214bp product of EGFR exon 21 sequence. A HEX dye-labelled MGB
hydrolysis probe (5 HEX-CCAAGCGACGGTCCTC-MGB 3’, Invitrogen) was used to trace all
the PCR products. The PCR mixture in a total volume of 20 ul contained 5 pul of 2x Light
Cycler 480 Probe Master, 0.2U of Uracil DNA Glycosylase (Takara, Japan), 400nM each of
forward and reverse primers, 250nM MGB probe, and the gDNA sample of various concentra-
tions. All reaction components, including the PCR master mix, primers, probes, and DNA tem-
plate, were premixed off-chip before sampling.

C. Device operation and droplet-based digital PCR assay

To generate water droplets using a HIDS device, mineral oil (BioReagent for molecular
biology, Sigma-Aldrich, viscosity: 14.2 c¢St) with surfactants as the continuous phase was first
filled with in the device channels to eliminate all the air bubbles in the device. The dispersed
phase (water) was then pressurized by a syringe pump from the inlet to pass through the chan-
nel network. To examine the droplet formation mechanism and size dependence, the flow rates
of the dispersed and continuous phases were, respectively, varied by precise syringe pumps
with +0.25% accuracy (PHD ULTRA, Harvard Apparatus). The interfacial tension of the
water-mineral oil containing 3 wt. % Abil EM 90 was measured as 4.7 mN/m.

In droplet-based digital PCR assay, the PCR mixture was partitioned into droplets using an
integrated HIDS droplet generator. The continuous phase was mineral oil combined with the
stabilizing surfactants 3 wt. % ABIL EM 90 and 0.1 wt. % Trixon X-100.'>%4° ABIL EM90 is
a silicone-based surfactant which serves two purposes for emulsion PCR:*' First, it prevents
droplet coalescence in thermocycling. Second, it reduces DNA polymerase adsorption on the
water-oil interface which would affect the PCR efficiency. Triton-100 is a non-ionic addictive
used to suppress secondary structure formation and help stabilize the DNA polymerase.*? The
interfacial tension of the PCR mixture with mineral oil and surfactants 3 wt. % ABIL EM 90
and 0.1wt. % Trixon X-100 was 2.5mN/m. PCR sample evaporation is a serious issue in
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PDMS devices during the heating and cooling process as PDMS is highly permeable.***® To

tackle this issue, we made a droplet storage chamber which comprised of two 1”7 x 3" glass
slides (SAIL BRAND, China) with spacers of the desired depth and sealed with epoxy
(Araldite, Huntsman Advanced Materials) on the corners. In this work, since the designed drop-
let diameter was 18 um, we used foil paper with a thickness of 20 um for the spacers to make
sure that the produced droplets spread in one layer in the glass chamber. The droplets were
then sucked into the glass chamber due to the capillary effect. The edges of the glass chamber
were sealed with epoxy after the completion of sample partitioning to prevent the oil and water
evaporation. The device was placed on a flat thermal cycler (Mastercycler Nexus, Eppendorf)
to conduct the thermocycling. For the thermal amplification, the temperature setting was
5-10min of preheating at 95°C for double-stranded DNA melting or denaturation followed by
95°C for 10s and 60°C for 30s and repeated for 35 cycles. Once the reaction finished, the
device was transferred to an inverted epifluorescence microscope (Eclipse Ti-U, Nikon) with an
automatic XY motorized stage to capture the images of the whole droplet storage chamber. The
fluorescent droplets were illuminated by a fiber illuminator (Nikon Intensilight C-HGFI) at an
intensity of 50 mW through a filter cube for HEX dye, and recorded by a CCD camera (EXi
Blue, QImaging). The images were analyzed using a custom-made image analysis software
based on MATLAB.

lll. RESULTS AND DISCUSSION
A. Simulation and experimental characterization of droplet formation

Figure 1(a) schematically shows the water-oil interface in a high aspect ratio rectangular
nozzle which opens up to a chamber of the same height. The chamber is initially prefilled with
oil as the continuous phase. Water as the dispersed phase is then pressurized into the high
aspect ratio channel. Figure 1(b) shows the droplet generation process recorded by a high-speed
camera. Monodisperse droplets are formed periodically at the exit of the nozzle. The water-oil
interface forms a thin thread and pinches off into a droplet by Plateau—Rayleigh instability.
Once a droplet leaves the nozzle, the elongated thread retracts and resumes the initial state.

To investigate the high aspect ratio induced droplet self-breakup mechanism, we carried
out the computational fluid dynamics (CFD) simulations for the two-phase flow using a com-
mercial software package ANSYS Fluent. Volume of the fluid model was employed to track
the volume fraction of the dispersed and continuous phases (i.e., water and oil, respectively) to
capture the droplet breakup process. In the simulation, we kept the width of the channel
w = 5 um while changed the height of the channel /# from 10 um to 45 um. The velocity from
the inlet was set as V = 0.002m/s. The capillary number of the dispersed phase (Ca = uV/y,
where p and V' are the dynamic viscosity and velocity of the dispersed phase, and 7 is the inter-
facial tension of the two phase system) was Ca = 6.7 x 10~*. Figure 2 shows the simulation
results showing the snapshots during the interface deformation and droplet formation for typical
cases. At low aspect ratios [h/w = 2-3, e.g., Fig. 2(a)], the interface gradually forms into a
large pancake shape confined by the chamber wall. In contrast, at high aspect ratios
[h/w =4-9, e.g., Figs. 2(b) and 2(c)], as the interface elongates and grows into a spherical
shape, the confined thread is triggered for necking in the vertical direction and pinches off into
a droplet. In analyzing the velocity fields, we found that the difference between the cases of
high and low aspect ratios is the backflow of the continuous phase fluid. The continuous phase
flows back into the high aspect ratio nozzle so that it facilitates the thread thinning and droplet
pinch-off. Because the thread necking occurs in the vertical direction, this process cannot be
easily observed under the microscope. The simulation results provide a good basis to further
understand the interfacial tension driven droplet breakup process.

We applied the Laplace pressure jump theory to analyze the droplet breakup pro-
cess.” 7! Figure 3 schematically shows the thread elongation and droplet breakup in a high
aspect ratio channel. Here, the height is sufficiently large for the resulting droplet to maintain a
spherical shape instead of being bounded by the upper and lower chamber walls to form a pan-
cake. Provided that the injection flow rate is extremely low, the interface profile of the droplet
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FIG. 2. CFD simulations of the droplet self-breakup in HIDS structures with w =5 um at different aspect ratios and: (a) h/
w =2, the thread grows into a pancake shape and the interface does not break up. (b) and (c) h/w =35 and h/w =7, the
thread elongates confined by the narrow channel, and finally breaks into a droplet. Volume of the fluid model was used in
the simulation. The volume fraction 1 represents the water phase, while O represents the oil phase.

breakup process evolves in a quasi-static situation. From the Young-Laplace equation: P; —
P, =9y(1/Ry + 1/R,) with R1 and R2 as the in-plane (in x-y plane) and transverse (in y-z
plane) radii of the fluid interface, which relates the curvatures to the difference between the
inner and outer pressures. As the inner and outer pressures are constant, in the quasi-static sys-
tem, the curvature of the fluid interface must be equilibrated everywhere at every instant. Based
on the CFD simulation results, the droplet breakup process can be divided into three stages as
shown in Fig. 3. In stage I, as the interface proceeds in the high aspect channel, the interface is
forced to follow the wall geometry in a compressed and energy unfavorable shape. The curva-
ture of the thread confined in the high aspect ratio channel has a lower bound k* (k* =2/w)
which is determined by the width of the channel in the transverse plane.*® In stage II, when the
thread arrives at the junction, the strong confinement of the interface is released and starts to
form a tongue in a spherical shape. According to the quasi-static hypothesis, the curvature of

High aspect ratio channel Chamber Cross

[ J y 1 . section

thread

Negative 4 Y 4y
thread O/_\ o,

thread

FIG. 3. Schematic of the thread elongation and droplet breakup in a high aspect ratio channel connecting to a chamber. The
coordinate system (X, y, z) of the origin O at the centre of the nozzle as shown in both cross-sectional views.
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the tongue should be equal to the curvature of the thread. As the tongue grows, the curvature
of the tongue continuously decreases. When the radius of the tongue exceeds w, with the lower
bound (k* =2/w) of transverse curvature of the thread, the in-plane curvature of the thread
would take a negative value in an attempt to match the curvatures of the tongue. At this instant,
the system comes out of equilibrium and starts the thread necking. In the HIDS nozzle where
the thread takes a negative curvature, the local pressure drops abruptly, which leads to the
backflow of the continuous phase of fluid to pinch off the thread into a droplet. After the drop-
let breaks up, the thread retracts back to the nozzle as shown in stage III in Fig. 3. The intrinsic
droplet breakup mechanism indicates that the interfacial tension is the dominant force, which
ensures the robustness to generate uniform droplets using the HIDS structure.

By further varying the aspect ratio h/w, we found a critical value of h/w=~3.5, below
which the thread enlarges into a pancake shape and hardly breaks off. For h/w greater than 3.5,
uniform droplets are formed continuously from the high aspect ratio nozzle, and the resulting
droplet diameter is invariant with the height of the channel. To verify these results, we tested
seven devices that have a channel width at w = 5 um and the channel height varies at
h =10, 15, 20, 25, 30, 35, and40 um, respectively. The capillary number of the dispersed
phase was controlled within Ca < 5 x 10~* which was consistent with the simulation condition.
The experimental and simulation results are shown in Fig. 4(a). In the regime where h/w < 3.5,
the droplet grows into a pancake shape and results in highly polydispersed droplet population.
However, in the regime where h/w > 3.5, the fluid thread breaks up into uniform spherical drop-
lets and the size remains almost the same as the height of the channel increases. Next, we stud-
ied the parameters of the channel geometry that determined the resulting droplet diameter. We
characterized the droplet size produced by eight devices, in which the channel widths varied
from 4 um to 14 um, and the aspect ratio was kept at 4. We plotted the measured droplet diam-
eter as a function of the channel width and compared with the simulation results as shown in
Fig. 4(b). We found that the droplet diameter (D) nearly linearly scales with the width of the
channel, approximated as D = 3.5w, which also suggest that the droplet can grow in a spherical
shape without boundary confinement when the height of the chamber is larger than 3.5w.
Therefore, for a channel of aspect ratio (h/w) larger than 3.5, the fluid thread is able to self-
break up into monodisperse droplets upon entering the chamber.

B. Parallelization for high throughput production

Enhancing droplet microfluidics throughput by parallelization is challenging in flow focus-
ing and T-junction geometries. Because the droplet breakup is governed by the viscous shearing
forces of the two phase flows, any pressure fluctuations in the integrated flow systems may lead
to polydisperse droplet populations.”’*™>>
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FIG. 4. Simulation and experimental results of the droplet size in different cases: (a) Droplet diameter variation as the
increase of the aspect ratio of the HIDS channel (/w). The width of the channel was kept at 5 um. (b) Droplet diameter ver-
sus the width of the HIDS channel. The aspect ratio (h/w) was kept at 4. The slope of the curve was found to be 3.5.
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The above droplet scaling analysis shows that the droplet size in the dripping regime in
HIDS is governed only by the dimensions of the channel, given that the interfacial tension
driven droplet breakup mechanism enables decoupling of the shear stress interferences. As there
is no need to control the flow rates precisely, we can take advantage of this simple yet robust
design for massive parallelization in an integrated device. We developed a “fishbone” device
with thousands of HIDS units parallelized in line for droplet generation (Fig. 5). Only one pres-
sure source was required to be applied to drive the dispersed phase fluid to pass through the
HIDS network. The continuous phase fluid from the other inlet which can be driven by gravity
or other external forces formed a crossing flow to sweep the produced droplets downstream for
collection, making the droplet production continuous and stable.

Figure 5(b) shows the “fishbone” device that integrates 2000 HIDS structures of 7 um in width
and 35 um in height, and generates highly uniform aqueous droplets of 6.4 pl in oil. The droplet gener-
ation frequency was ~15 kHz with a coefficient of variation smaller than 0.03. As shown in Fig. 5(c),
within a specific range from 0.5 to 6.2 ul/min, the increase of the flow rate of the dispersed phase has
a minimum effect on the resulting droplet size. Beyond the critical value (~6.2 ul/min), some of the in
line arranging HIDS nozzles in the downstream position produced larger droplets in a pancake shape
and resulted in polydisperse droplets. On the other hand, the flow rate of the crossing carrier oil phase
has little influence on the produced droplet size as shown in Fig. 5(d). This is of significant importance
for real applications where the fluid environment is much more complicated than in the experimental
setting. 2> Also, precise fluid control pumps are not necessary for droplet generation, which could
make the production system low-cost and reliable.

C. On-chip droplet-based digital PCR

We integrated the fishbone droplet generator with a glass chamber for on-chip droplet-
based digital PCR as shown in Fig. 6(a). The setup included two components, the droplet
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FIG. 5. (a) Schematic of the arrangement of the HIDS structures in a fishbone device. Inlet 1 is for the dispersed phase and
inlet 2 is for the continuous phase. Produced droplets were swept by the crossing carrier oil and collected from the outlet 3.
(b) Image of the fishbone device. Each HIDS channel is 7 um in width and 35 pm in height, and the resulting droplet diame-
ter is 23 um. (c) and (d) Diameter of the produced droplets as variation of the flow rates of the dispersed and continuous
phases. In (c), the flow rate of the disperse phase varied as the continuous phase was kept at 8 ul/min, while the flow rate of
the continuous phase varied as the dispersed phase was kept at 3.2 yl/min in (d).
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generator, and droplet storage chamber. The glass sandwiched chamber here served two pur-
poses, to prevent the droplet evaporation during the thermocycling and to confine the droplets
in one layer for observation. In our experiments, the fishbone device was composed of 250
HIDS units for generating droplets of 18 um in diameter (3 pl). Based on our calibration experi-
ments (Fig. 5), we found that the continuous phase flow rate almost had no influence on the
droplet size when it was kept very low, and only the dispersed phase flow rate range need to be
controlled by the syringe pump. Here, the oil phase was driven by the gravity force by simply
plugging a pipette tip at the oil inlet. A total volume of 20 ul PCR mixture containing DNA
template, primers, master mix, and probes was pressurized to pass the HIDS network for drop-
let generation. The produced droplets were swept out from the edge of the device and were
sucked into a 20 um-high glass chamber by the capillary force. Due to the confinement in
depth, the droplets spread out in a single layer in the glass chamber. The sample compartmen-
talization result is shown in the inset of Fig. 6(a). In 10 min, the PCR sample partition was
accomplished and the device was placed on the thermal cycler for on-chip PCR amplification.
According to the primer concentration, we calculated the average primer number encapsulated
in one droplet to estimate the cycle number that was necessary for one DNA template to
amplify in the exponential fashion (2") until saturated. In our experimental settings, 25 to 35
cycles were sufficient for the PCR amplification.

After the completion of thermocycling, we placed the device for end-point fluorescence
readout under the microscope with a motorized platform. In fluorescent dye HEX (Ex: 535 nm,
Em: 556 nm) and bright field microscopy, the whole droplet storage chamber was scanned and
the images were taken automatically. After all the images were obtained, we used the custom-
ized Matlab programme to stitch the images and count the positive and negative droplet num-
bers. In each sample, one million droplets were counted for data analysis. By using the Poisson
statics equation,”’ we calculated the absolute target DNA concentration. The entire experiment
could be completed within ~40 min. Next, we performed calibration experiments with samples
of certain concentrations (expected value) to determine the dynamic range and detection limit.
Following the image analysis, we determined the corresponding DNA copy numbers (observed
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FIG. 6. (a) Image showing the setup for on-chip droplet-based digital PCR. The fishbone droplet generator device is inte-
grated with a glass chamber for droplet storage. Inset: droplets spread in one layer in the glass chamber. (b) The observed
values calculated from Poisson statistics by counting positive droplets match well with the expected values by performing a
ten-fold serial dilution. (c) Fluorescent readout of the on-chip droplet-based digital PCR results which quantifies the target
genomic DNA purified from lung cancer cell lines H1579 with a range of concentration from 10’10 copies/pl.
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value) and plotted the calibration curve in Fig. 6(c). Figure 6(b) shows the fluorescence readout
of different template concentrations ranging from 10" copies/ul to 10° copies/ul. To prove the
robustness of the droplet-based digital PCR platform, each experiment with the sample of the
same template concentration was repeated three times. The error bar in Fig. 6(c) shows that the
results were consistent in different runs. The linearity between the observed value and expected
value is 0.9998. Due to the picolitre droplet size and the million scale of the partition number,
the detection limit can reach a few copies/ul and the dynamic range is allowed to reach almost
6 orders of magnitude. We have demonstrated that the integrated workflow of the on-chip drop-
let-based digital PCR can avoid the droplet loss, shorten the experimental hands-on time, and
minimize the contamination during the transferring steps.”’® This integrated digital PCR sys-
tem may serve as a powerful platform for rare gene detection and quantification.

IV. CONCLUSIONS

In this paper, we report that a high aspect ratio rectangular nozzle structure is able to
induce the water-oil interface breakup for spontaneous droplet generation. From both CFD sim-
ulations and experimental characterization, we found that when the aspect ratio (h/w) was
greater than 3.5, uniform droplets were formed and the resulting droplet diameter was invariant
with the height of the channel. Within a certain flow range, the droplet size was insensitive to
the flow fluctuations, which made the HIDS structure of great advantage for massive paralleli-
zation. We therefore developed a fishbone device by integrating 2000 HIDS units to produce
uniform droplets that comprised the merits of ultrahigh throughput and operation robustness.
This droplet generator has been demonstrated as a maneuverable and integrable device for on-
chip droplet-based digital PCR for low abundance nucleic acid absolute quantification. We
believe that this new design for high-throughput droplet generation will have a profound impact
on the applications of droplet microfluidics for chemical and biological assays.
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